Discrimination of Recoil Backgrounds in Scintillating Calorimeters 
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The alpha decay of ^'^'^Po is a dangerous background to rare event searches. Here, we describe 
observations related to this alpha decay in the Cryogenic Rare Event Search with Superconducting 
Thermometers (CRESST). We find that lead nuclei show a scintillation light yield in our CaW04 
crystals of 0.0142 ± 0.0013 relative to electrons of the same energy. We describe a way to discrim- 
inate this source of nuclear recoil background by means of a scintillating foil, and demonstrate its 
effectiveness. This leads to an observable difference in the pulse shape of the light detector, which 
can be used to tag these events. Differences in pulse shape of the phonon detector between lead and 
electron recoils are also extracted, opening the window to future additional background suppression 
techniques based on pulse shape discrimination in such experiments. 
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I. INTRODUCTION 

Experiments that search for rare processes such as neu- 
trinoless double-beta decay [1] or elastic scattering of 
Dark Matter particles [2] require a strong reduction of 
ambient radioactive backgrounds. One important source 
of radioactivity is radon gas, a member of the natural 
decay chain of ^ss^j 222 j^j^ decays under emission of 
an alpha particle with a half- life of 3.8 days. This is long 
lived enough to plate out on materials in the vicinity of 
the detectors. In these alpha decays, recoiling nuclei can 
be implanted in surfaces. Eventually, the daughter nu- 
cleus 2^°Po alpha decays into ^°^Ph with a half-life of 138 
days and a total energy of 5407 keV available in the decay. 
On the one hand, this results in the ejection of a 5304 keV 
alpha particle which can be a background to neutrinoless 
double-beta decay searches. On the other hand, the lead 
nucleus recoils with an energy of 103 keV. This can be 
a dangerous background in Dark Matter searches that 
needs to be dealt with, as we describe in the following. 



II. CRESST-II DETECTOR MODULE 

For the CRESST-II experiment, we use scintillating 
GaW04 crystals as a target for a Dark Matter search. 
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The crystals are cut in cylindrical shape of 4 cm diame- 
ter and similar height, and weigh about 300 g each. We 
expect Dark Matter to induce tungsten recoils in the 
target with energies below a few tens of keV. To en- 
able a calorimetric measurement of these low energies, 
the crystals are cooled to ^ 15 mK where heat capaci- 
ties are low. Tungsten films, evaporated on the crystals, 
are thermally stabilized in their transition to the super- 
conducting state. This allows measurement of the rising 
film resistance caused by the temperature rise following 
a particle interaction in the crystal. 

CaW04 is a good scintillator even at the cryogenic 
temperatures relevant here [4]. To measure the scintilla- 
tion light following a particle interaction, a separate light 
detector is used. This allows discrimination of the dom- 
inant electron and gamma background from nuclear re- 
coils which are expected from Dark Matter interactions, 
since the light output of these backgrounds is significantly 
higher than that of nuclear recoils. The light detector 
consists of a light absorbing wafer and another tungsten 
thermometer evaporated onto it. The scintillation light is 
absorbed in the wafer and results in a small but measur- 
able temperature rise of the thermometer. Only about 
one percent of the total energy of a particle interaction 
is detected by the light channel [5, 6, 7]. 

Figure 1 shows one such detector module. It consists of 
the target crystal with the tungsten thermometer, which 
we refer to as the phonon detector, and the light absorb- 
ing wafer with its thermometer, the light detector. To 
improve the light collection, both detectors are enclosed 
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in a reflective housing. 




FIG. 1: Picture of an opened CRESST-II detector module. 
On the right, the CaW04 crystal can be seen in its reflective 
housing, and with the thermometer evaporated on top of it. 
On the left, the light absorbing wafer is shown (silicon on 
sapphire) with its thermometer barely visible. 



To obtain the energy from the observed pulses, we use 
a template fit procedure. A template pulse is built from 
a large set of pulses with similar energy. This template is 
then fitted to each observed pulse, with three free param- 
eters: the level of the baseline, the onset of the pulse, and 
its amplitude as the measure of interaction energy. En- 
ergy calibration is performed in a dedicated calibration 
run. Heater structures on the thermometer are used to 
inject large pulses in order to drive the thermometer into 
the normal conducting state. The thermometer response 
is then used to stabilize the operating temperature of the 
detector over many weeks. In addition, smaller pulses 
with fixed energies can also be injected to calibrate the 
thermometer at low energies where no external calibra- 
tion source is available. Details of these procedures are 
laid out in [8, 9]. 



III. PO-210 DECAY OBSERVED WITH SILVER 
REFLECTORS 

Figure 2 shows a scatter plot of events recorded by 
one crystal enclosed in a silver reflector. The exposure is 
12.31 kg d; no calibration source was present during this 
data taking. The horizontal axis shows the energy de- 
posited in the phonon channel. The vertical axis shows 
energy measured by the light detector in units of keV 
electron equivalent (keVee), deflned such that for 122 keV 
gamma events (from a ^^Co calibration source) in the 
CaW04 crystal we register 122keVoo in the light detec- 
tor. 

The diagonal band consists of electron recoils and 
gamma induced events. Nuclear recoil events yield signif- 
icantly less light than electron or gamma events. Here, 
we define nuclear recoils to mean events below a slope 
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FIG. 2: Events observed in one crystal encapsulated within a 
silver reflector, over a period of about one month (12.31 kg d, 
detector DAlSv/run 27). We consider events below the line 
as nuclear recoils. 



of 25keVeo/200keV. Particles hitting the light detector 
directly show up along the vertical axis. 
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FIG. 3; Spectrum of events in the nuclear recoil band of fig- 
ure 2. The prominent feature around 103 keV is attributed to 
the decay of ^^"Po on and below nearby surfaces. The contin- 
uous background is attributed to neutrons, since at the time 
of data taking no neutron shield was present yet. 

The spectrum of nuclear recoil events is shown in fig- 
ure 3. The continuum of events in this band is dominated 
by neutron induced events, since at the time of data tak- 
ing, the detector was not yet surrounded with a neutron 
shield. In addition, a population around ~ 100 keV is 
visible which we attribute to recoiling ^°^Pb nuclei fol- 
lowing the decay of ^^°Po in the vicinity of the crystals. 
If the ^^°Po decay happens on a nearby surface, decays 
can result in lead nuclei impinging on the target crystal. 
From simple momentum conservation the energy of these 
nuclei is fixed to 103 keV. Furthermore, if ^^°Po is im- 
planted in the crystal very close to its surface, the alpha 
particle may also deposit part of its energy in the target. 
Then our calorimetric measurement results in an energy 
higher than 103 keV. Finally, a more relevant possibility 
occurs if the polonium is implanted in nearby surfaces 
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such as the reflective foil. Then the lead nucleus loses en- 
ergy on its way to the crystal, resulting in an event with 
less than 103 keV. This can be a dangerous background 
to direct Dark Matter searches. With our CaW04 crys- 
tals in particular, such lead recoils mimic Dark Matter 
induced tungsten rec;oils, which are expected in the en- 
ergy region below a few tens of keV [9, 10]. It is therefore 
indispensable to be able to distinguish this background 
from tungsten recoils. 

Having identified the population as being due to re- 
coiling lead nuclei allows us to measure the amount of 
light emitted by these events. This quantity is also rele- 
vant to the search for Dark Matter due to the similarity 
of recoiling lead nuclei and the tungsten recoils that are 
expected from Dark Matter. We define the light yield as 
energy in the light detector (in keVee) over energy in the 
phonon detector (in keV). To measure its value for lead 
recoils, one has to exclude events above 103 keV which 
possibly have a light contribution from the alpha parti- 
cle. As a lower limit we use 93keV to keep the influence 
of neutrons small. Figure 4 shows the light yield of these 
events. Prom a Gaussian fit the light yield of ~ 100 keV 
lead recoils at cryogenic temperatures of about 15mK in 
CaW04 crystals is found to be (0.0142 ± 0.0013) com- 
pared to that of electrons of the same energy. This value 
is robust within the stated errors when small variations 
of the chosen energy interval are included. 
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FIG. 4: Light Yield of events between 93keV and 103 keV. 
The right population is a cross section of the gamma and 
electron recoil band with a light yield of unity. The left 
population comes from '^"^Pb nuclei hitting the crystal. A 
Gaussian fit gives the light yield of these events as (0.0142 ± 
0.0013) keVee/keV. 



IV. PO-210 DECAY OBSERVED WITH 
SCINTILLATING REFLECTORS 

To distinguish this polonium induced background from 
Dark Matter induced tungsten recoils, we surround our 

detectors with a VM2000 class polymeric foil (from 3M) , 
which is highly refiective and in addition also scintillates. 
Then the alpha particle from the polonium decay pro- 
duces some additional scintillation light in the foil, shift- 
ing those events out of the region of nuclear recoils. In- 



deed, once this was done, the class of events observed in 
figure 2 disappeared from the nuclear recoil band. Fig- 
ure 5 shows the corresponding scatter plot. The data 
shown is from another detector and a later data taking 
period, in which a neutron shield was present [9], thus 
also eliminating the c;ontinuous neutron induced back- 
ground in the nuclear recoil band. 

The foil is highly efiicient, and no events are seen in 
the nuclear recoil band around 100 keV. Comparing this 
scatter plot to figure 2, we note that the scintillating foil 
causes a population of excess light events above the main 
gamma/electron band, dominantly at low energies in the 
phonon detector. 
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FIG. 5: Events observed in one detector module en- 
closed within a scintillating reflector (light dots, detector 
ZORA/run 30). The exposure is 21.94 kg d, about two months 
of data taking. Events tagged by the selection criterion based 
on the pulse shape of the light detector are marked as heavy 
dots (see text for details). 

Incidentally, the polonium events are shifted to the 
gamma/electron recoil band. This can be illustrated by 
examination of the pulse shapes in the light detector. 
CaW04 is a rather slow scintillator in contrast to com- 
mon plastic scintillators at millikelvin temperatures [6]. 
Hence pulses with an additional contribution from the 
scintillating foil are faster than pulses that are only due 
to an interaction in the crystal. This can be seen even 
by eye, comparing polonium events to crystal events in 
figure 6. 

Events from direct interactions in the light detector de- 
posit no energy in the phonon detector and hence show 
up along the vertical axis in figure 5. Such events deposit 
their energy instantaneously in the light detector and al- 
low us to measure the detector response. This represents 
the fastest pulses possible, with much faster rise times 
than the usual events originating in the crystal, as can 
be seen in figure 6. 

A second template pulse is built from such direct-hit 
events, and all events are fitted with both the standard 
template and this second template pulse. The qualities 
of the two individual template fits (their RMS values) 
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FIG. 6: Template events from the light detector, built from 
a few events of each class with energies of about lOOkeVoc: 
The fastest pulse is a direct hit in the light detector which 
takes only Triso = 0.16 ms from 10 to 90% peak height. A 
usual pulse from electron/gamma interactions in the crystal 
takes Trise ~ 0.54 ms. A template of events from the ^^"Po 
surface decays is also shown, seen to be in between the two 
other templates, with Triae = 0.28 ms (uncertainties are less 
than 0.01 ms). 

are plotted against each other as in figure 7. Events 
where the fast (direct hit) template pulse fits better are 
tagged as events which potentially have an additional 
light contribution from the scintillating foil. 



gamma/electron band form a continuous background in 
figure 8. Excess light events are also tagged, supporting 
our idea of their origin involving the faster scintillating 
foil. Finally, the polonium decay events are clearly identi- 
fied and can be recovered from the gamma/electron band 
by this procedure. 
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FIG. 8: Spectrum of events which are tagged based on the 
quality of the two template fits of the light detector. These 
events are shown as dark points in figure 5. In contrast to 
figure 3, the detector was surrounded by a neutron shield, 
and the continuous background here is not due to neutrons, 
but due to leakage from the main gamma/electron band when 
applying the tagging procedure. 
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FIG. 7: Histogram of events in figure 5 in the plane spanned 
by the two fit quality parameters. Entries per bin are color 
coded according to the logarithmic scale on the right. Events 
where the direct-hit template fits better (below the angle bi- 
sector) are tagged and shown as dark points in figure 5. 



V. PULSE SHAPE OF LEAD RECOILS 

Having extracted the events from the polonium decay 
based on the pulse shape in the light detector, we can 
examine the pulse shape in the phonon detector as well. 
By eye or based on simple parameters like the rise or 
decay times, no difference between the individual pulses 
can be seen. Yet a second template is built from these 
events around 103 keV (figure 8). This again gives an ad- 
ditional fit quality parameter (the fit RMS), this time for 
the phonon detector. The ratio of this value and of the 
corresponding value of the standard template fit qual- 
ity is plotted in figure 9, for events in the energy inter- 
val [100, 120] keV, both for the population of lead recoils 
from the polonium decay, and for standard electron or 
gamma events. The two populations clearly separate in 
this parameter on a level better than la. Hence the ratio 
of the quality of two standard event fits in the phonon de- 
tector can act as an additional discrimination parameter 
between electron and nuclear recoils. 



In the scatter plot of figure 5 these events are high- 
lighted, and their spectrum is shown in figure 8. Events 
of various origins are extracted by this tagging procedure: 
Particles hitting the light detector directly (they appear 
along the vertical axis in figure 5) are recognized as such. 
As can be expected from pulse shape discrimination, the 
tagging procedure fails towards low energies in the light 
detector. This results in many mis-tagged events below 
^ 40keVoc, where only less than a few 100 eV are de- 
posited in the light detector. Events leaking from the 



VI. CONCLUSION 

The decay •^^'^Po ^°^Pb -I- a results in recoiling lead 
nuclei, a potentially dangerous background in the search 
for Dark Matter. We find that in CaW04 at millikelvin 
temperatures, 100 keV lead recoils have a light yield of 
(0.0142 ± 0.0013) compared to electrons of the same en- 
ergy. In the case of scintillators as Dark Matter tar- 
gets, we have shown a way to discriminate these lead 
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FIG. 9: Difference in phonon detector pulse shape for elec- 
tron and nuclear recoils of about 100 keV. This difference is 

characterized by the ratio of the fit-RMS values obtained from 
lead template and standard template fits. Lead recoils were 
tagged by the different pulse shape in the light detector, which 
is possible in this particular case due to the additional light 
from the scintillating foil. Both distributions are normalized 
to unity to ease the comparison. 

recoils by surrounding the target with a scintillating foil, 
which leads to an enhanced light output for events from 
this background. Using the pulse shape of events in the 



light detector allows tagging of events which have a con- 
tribution from the scintillating foil for energies above 
40keVee- Thus the polonium induced lead recoils 
can be identified, and in addition, excess light events are 
tagged, revealing their origin as being due to the scintil- 
lating foil. Furthermore, we have shown that a difference 
exists in the pulse shape of the phonon-detector events for 
heavy nuclear recoils with respect to electron or gamma 
induced events at energies around 100 keV. This can be 
utilized to cross-check the origin of events in the phonon 
channel. 
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